ABSTRACT
INTRODUCTION

Phelan-McDermid syndrome (PMS) is a severe medical condition characterized by
hypotonia, global developmental delay, intellectual disability (ID), absent or delayed speech, minor dysmorphic features, and autism spectrum disorders (ASD). 1 It results from a deletion of the 22q13 locus in the distal part of the long arm of chromosome 22 . PMS occurs in 0.2-0.4% of individuals with neurodevelopmental disorders (NDD), 2 but the prevalence remains difficult to ascertain due to important biases in the identification of the patients.
In most reported cases, the 22q13 deletion appeared de novo. 3 The size of the deleted genomic segment varies from hundreds of kilobases (kb) to more than nine megabases (Mb). The mechanisms resulting in the deletion are also highly variable, including simple deletions, unbalanced translocations, ring chromosomes or more complex chromosomal rearrangements. 2 In the vast majority of the cases, the deletion includes SHANK3, a gene associated with several neuropsychiatric disorders including ID, ASD and schizophrenia. [4] [5] [6] Rare interstitial deletions at 22q13 not encompassing SHANK3 were also observed in patients with features of PMS, suggesting the implication of additional genes in that region or a positional effect influencing SHANK3 expression.
7,8
SHANK3 codes for a scaffolding protein at the post-synaptic density of glutamatergic synapses, and is known to play a critical role in synaptic function by modulating the formation of dendrites. 9 Mice lacking Shank3 present alterations in the morphogenesis of the dendritic spines of hippocampal neurons and abnormal synaptic protein levels at the post-synaptic density of glutamatergic synapses.
10
Studies using human neurons derived from induced pluripotent stem cells (iPSC) of patients with PMS revealed that abnormal networks are reversible by an overexpression of the SHANK3 protein or by treatment with insulin growth factor 1 (IGF1). 11 SHANK3 mutations can also cause a channelopathy due to a reduction of the hyperpolarization-activated cyclic nucleotide-gated channel proteins (HCN proteins). 12 Finally, using iPSCs from patients with ASD and carrying de novo SHANK3 In addition, none of these studies explored the role of additional genetic variants ("multiple-hits") in the diversity and severity of the symptoms reported in patients. 20, 21 In the present study, we collected clinical and genomic data from 85 patients carrying an unbalanced genomic rearrangement involving SHANK3 (78 deletions and 7 duplications). We first describe the impact of the size of the 22q13 deletion on the clinical features. Then, we report the first identification of multiple-hits in patients with PMS, some affecting known ASD-risk loci that could influence the diversity and severity of the phenotype. Finally, we illustrate the clinical and genomic heterogeneity of individuals carrying 22q13 rearrangements in a family with five affected siblings who inherited a SHANK3 deletion from a mother without ID nor ASD, providing a proof of principle that some individuals could compensate for such mutations.
MATERIALS AND METHODS
Population
Eighty-five patients (39 males, 44 females and two fetuses) carrying a genomic rearrangement at the 22q13 locus encompassing SHANK3 were recruited through a
French national network of cytogeneticists from 15 centers (ACHROPUCE network).
For seven centers, the total number of microarray analyses performed for ID, congenital anomalies or ASD was available to establish a broad estimation of the prevalence of SHANK3 deletions (Table S1 ). Detailed clinical information was collected for all subjects based on medical records, including perinatal events, growth parameters at birth and during early life of developmental, cognitive and functional development, congenital anomalies, dysmorphic features and main somatic comorbidities ( Figure 1 , 
Identification of Genomic Rearrangements
Genomic data included information on the type of genomic rearrangement at the 22q13 locus, the methods of detection and confirmation, the molecular coordinates and the inheritance status (Table S3) . We considered the size and breakpoints of the 22q13 rearrangement only for 74 patients studied using microarray technologies ( Figure S1 , Table S3 ).
Quality controls were performed locally in each genetic laboratory (Table S3 ).
Genomic coordinates of each CNV are given according to the hg19 version of the human reference genome. All 22q13 rearrangements were validated in the corresponding clinical center using independent molecular technologies such as FISH, qPCR or MLPA. Inheritance of the 22q13 rearrangement was also determined in the corresponding laboratories.
We mapped all CNVs in the genomes of the patients, and focused on a list of 1,184 candidate genes for neuropsychiatry (NP-genes), which included Class I-III genes, 24 TADA-65 genes, 25 the genes from the SFARI database (release from the 9 th November 2015; https://gene.sfari.org), and the developmental brain disorder genes (Supplementary Tables 4 and 5) . 26 Four patients (P20, P22, P79 and P81) were not included in the analysis since their arrays did not pass the quality control for a wholegenome analysis. In 14 cases with unbalanced reciprocal translocations (Table S3) ,
we considered the other chromosomal unbalanced segments as additional CNVs.
The burden of CNVs in patients with PMS was compared to independent cohorts of patients with NDD ( Figure S2 ).
Computational and Statistical Analyses
Most analyses were performed on genetic and clinical data from 74 patients with array data (67 with a 22q13 deletion, 7 with a duplication), excluding 11 patients for whom only standard cytogenetic data were available (Table S3 ).
Ward's hierarchical agglomerative clustering analysis was performed using JMP Pro 10.0.2 (http://www.jmp.com) on 40 individuals for whom data on ASD, speech, seizures and deletion size were available (Table S2 ).
For the mapping of the 22q13 locus, the prevalence of each feature was measured each 50 kb in sliding windows of 1. for each feature, we identified the interval defined by the minimal and maximal positions at which the prevalence was higher than the overall prevalence of the feature in the cohort. Finally, the association of the region with the feature was measured by a Fisher's exact test for the enrichment odds ratio (OR) and p-value of individuals having the feature and carrying a CNV starting in the region compared to the rest of the 22q13 locus. To measure the probability to find such regions given the clinical and genetic sampling of the cohort, we developed a bootstrap-based measure of the statistical power. For each feature, we re-shuffled 1,000 times the feature presence/absence of the individuals, and reran our analysis of prevalence.
We counted the number of times the enrichment OR was higher than the one observed with the original data, and used it as an empirical p-value (hereafter referred to as sampling p-value).
RESULTS
The 22q13 Rearrangements: Prevalence and Clinical Features
Based on the results of seven clinical centers gathering 18,115 patients with ID, ASD and/or congenital malformations, we could provide a broad estimation of 0.27% for the prevalence of 22q13 deletions (0.21 to 1.38% depending on the clinical center) (Table S1 ). Unlike most NDD for which males are significantly more affected than females, we observed a balanced sex ratio with 37 males and 39 females carrying a 
The 22q13 Rearrangements: Inheritance and Sizes
Our cohort included 78 patients carrying a deletion at 22q13 overlapping SHANK3
and seven patients with a duplication (Table S3 ). The deletions mostly derived from simple de novo deletions (57%), including two that were mosaic in the somatic cells of the patients (Figure 1 ). Other de novo chromosomal rearrangements included terminal deletions caused by a ring chromosome 22 in four cases, and deletions derived from unbalanced reciprocal translocations in two cases. Altogether, de novo rearrangements accounted for 51 cases (65.4%). In 12 cases, the deletions resulted from recombined parental balanced translocations or inversions. The size of the deleted segment was highly variable, ranging from 45.8 kb to 9.1 Mb ( Figure S4 ).
The duplications occurred de novo in 5 cases. For P10, it was inherited from a healthy mother and for P61, inheritance was unknown. Two duplications were in mosaic (P29 and P50), including one case (P29) where the duplication resulted from an unbalanced translocation. The size of the duplicated segment ranged from 96 kb to 5.8 Mb.
Exploratory Cluster Analysis of PMS Clinical Heterogeneity
To identify homogeneous groups of patients, we performed a hierarchical clustering analysis on 40 individuals for whom information concerning sex and presence or absence of ASD traits, speech and seizures were available. Five clusters summarized the variability (Figure 2 ). The main separation was based on the size of the deletion. Clusters C1 (six patients) and C2 (nine patients) were characterized by large deletions of an average of 5 and 7 Mb, respectively. These two clusters showed very similar percentages of patients with absence of speech (>80% in both clusters), but differed specifically for seizures with 0% and 67% of the patients in cluster C1
and C2, respectively. Patients with smaller deletions were divided in three clusters.
Clusters C3 (eight patients) and C4 (ten patients) both had deletions of medium size (1.4-1.6Mb), but differed for sex and ASD (C3: 100% female and 0% ASD; C4: 100% males and 60% ASD). Finally, cluster C5 included seven patients with the smallest deletions and all with ASD and seizures. Therefore, the size of the 22q13 deletion might at least partly explain the presence and severity of the PMS symptoms, prompting a more detailed mapping of the genomic regions associated to specific symptoms in order to identify modifier genes.
Association between Clinical Features and Genomic Regions at 22q13
To map the genomic regions associated to PMS-related features, we measured the prevalence of ASD traits, absence of speech, ophthalmic features, seizures, gastroesophageal reflux, heart abnormalities or corpus callosum abnormalities in sliding windows of 1. 
Additional CNVs in Patients with PMS
In order to test whether other loci could modulate the severity of the clinical features, we systematically identified all the CNVs carried by the patients and affecting the exons of 1,184 candidate neuropsychiatric risk genes (hereafter referred as NPgenes, Table S4 , Materials and Methods). Among the 63 patients carrying 22q13.3 deletions and tested using an array technology, 41 carried at least one CNV including at least one exon of a NP-gene (Figure 4 , Figure S5 , Table S5 ). Twenty-five patients had only one such CNV, nine had two, and seven had three or more. This burden of CNVs affecting NP-genes did not differ from the one measured in independent cohorts of patients with NDD and tested on similar array platforms ( Figure S2 ). (Figure 4 , Figure S5 ). For example, patient P8, who was severely affected and unable to speak, had a ring chromosome 22 resulting in a terminal 22q13 deletion of 7.1 Mb and an additional 87 kb deletion at 9q34 including KCNT1 that codes for a sodium-activated potassium channel, largely expressed in the nervous system and implicated in autosomal dominant forms of epilepsy.
A Multiplex Family with an Inherited SHANK3 Deletion
Among the patients included in this study, we identified one female patient (subject III-D, Figure 5 ) who carried a maternally inherited SHANK3 deletion of 67 kb, removing exons 1-8 of the isoform A. In addition, she also carried a 104 kb deletion of NRXN1 at 2p16.3 (exons 3-5 of the Alpha 2 isoform and exons 3-4 of the Alpha 1 isoform). This proband was a member of a multiplex family that illustrates the heterogeneous clinical severity and the presence of multiple hits in the genome of the patients.
The proband was a 10-year-old female, fourth child (among six) of consanguineous parents (2nd degree). Birth and neonatal parameters were in the normal range. Despite normal development during infancy, the parents reported paucity of social interactions, but without stereotyped body movements. The patient exhibited mildly delayed speech, with first words between three and four years old. At eight years old, she was diagnosed with ID, and assessed for cognitive impairment (full scale IQ=49, below the first percentile for her age). She did not meet criteria for ASD or any additional axis I psychiatric comorbidities. The patient presented with minor dysmorphic features including a curved forehead with a high implantation of her hair, a short and broad nose with flat nasal tip, long flat philtrum, a thick upper lip with a retrognathy. Concordant with her cognitive defects, she attended a special needs school and acquired basic writing and reading skills.
The father had no personal medical or psychiatric history and carried none of the two CNVs including SHANK3 and NRXN1. In contrast, the mother (subject II-A, 
DISCUSSION
Prevalence of PMS, ASD, Seizures and Brain Structural Abnormalities
Our broad estimation of the prevalence of patients with PMS in patients with NDD is 0.27% (0.21-1.38%), which is similar to the ones reported previously (0.2-0.4%). 2 We also observed a balanced sex ratio as previously reported. 1 Regarding the clinical features ( Similarly, the prevalence for seizures seems highly heterogeneous among studies since it ranges from 17 to 70% in multiple case series. 30 In In the literature, brain structural abnormalities were reported in six studies, with a mean rate of 25% (58/233) of cases. 14 Hypoplasia of the cerebellar vermis, 31, 32 thin corpus callosum, 16, 28, 31, 33 and abnormalities of white matter were previously reported. In our cohort, brain MRI data was available for 35 patients with 22q13
deletions and 23 had structural anomalies (65.7%), consistent with those already described in PMS (Supplementary Materials and Methods).
Impact of the 22q13.3 Deletion Size on the Absence of Speech
We observed that ASD was associated with smaller deleted segments, and could confirm that absence of speech was associated with large deletions. 15,18 Similarly, Sarasua et al. (2011) reported that patients with an absence of speech had deletion breakpoints at 43.9 Mb (22q13.2) or more proximal. 15 In our study, patients with breakpoint proximal to 46 Mb were more at risk for absence of speech than patients with smaller distal deletions (Figures 2 and 3) . Within the 42.7-46.25 Mb interval, several genes are expressed in the brain and are compelling candidate for increasing the risk of absence of speech. PACSIN2 (protein kinase C and casein kinase substrate in neurons 2) is a member of the pacsin-syndapin-FAP52 gene family and is upregulated upon neuronal differentiation. It has an essential role in the organization of clathrin-mediated membrane endocytosis in neurons. 34 The function of MPPED1 remains uncharacterized, but it codes for a metallophosphoesterase domain-containing protein highly expressed in the human fetal brain. SULT4A1
codes for a protein of the sulfotransferase family involved in the metabolism of endogenous factors such as hormones, steroids, and monoamine neurotransmitters, as well as drugs and xenobiotics. SULT4A1 is exclusively expressed in neural tissues, is highly conserved, and has been identified in all vertebrate studied so far.
Interestingly, zebrafish carrying homozygous SULT4A1 mutations exhibit excessively sedentary behavior during the day, 35 suggesting a role of this gene in regulating behavior. The function of ATXN10 remains largely unknown, but expanded ATTCT pentanucleotide repeats in intron 9 of the gene cause a rare form of spinocerebellar ataxia (SCA10) characterized by cerebellar ataxia and epilepsy. 36 Interestingly, the region associated with absence of speech did not include WNT7B, a member of the WNT signaling molecule involved in the formation of the central nervous system vascular endothelium 37 as well as in dendrite development. CNVs (one deletion and one duplication) in two independent patients (P32 and P59), which are known to increase risk of NDD and are rare in the general population (0.03%). 2 The finding of two cases with such CNVs is intriguing and raises question of the genetic architecture of PMS, and by extension on the cumulative genetic risk factors in NDD. 40 In addition, we observed abnormal gene dosage of risk-genes for epilepsy such as KCNT1, MYT1L, DEAF1 and SLC25A22 in patients whom had lifetime history of seizures. However, at that stage, we cannot conclude on the causative effect of such CNVs since we also observed patients with CNVs affecting risk-genes for epilepsy (such as KANSL1 or NRXN1), and a lifetime absence of epilepsy. In summary, multiple-hits exist in patients with PMS, but their impact on the severity of the symptoms remains to be determined in larger cohorts of wellphenotyped patients with more extensive genetic profiles using whole exome/genome sequencing. DVL1  OR1C1  OR2M4  OR2T10  SNTG2  TPO  PXDN  MYT1L  NRXN1  NPHP1  TSEN2  RAF1  DUSP22  HLA.A  HLA.DRB1   HTR1B  PARK2  SND1  MSR1  TBC1D31  GSDMC  EFR3A  KCNQ3  FAM135B  KCNK9  TRAPPC9  CYP11B1  RECQL4  LRRC14  ZNF517  LINGO2  KCNT1  FGFR2  DOCK1  HRAS  PHRF1  DEAF1  SLC25A22   BRSK2  IGF2  TH  ELP4  UBE3B  SLC25A15   HTR2A  SETDB2  INTS6  PCDH8  DIAPH3  PCDH9  SLITRK5  MIR17HG   GPC6  ERCC5  MYO16  COL4A1  CARKD  KLC1  TUBGCP5  CYFIP1  NIPA2  NIPA1  IL16  NTRK3  KIF7  WDR93  IDH2  ZNF774  ST8SIA2  CHD2  ALDH1A3   NDE1  SEZ6L2  KCTD13  MAPK3  KCNJ12  KANSL1  SGSH  BAIAP2  SLC38A10   ACTG1  SLC16A3  CSNK1D  TOP3B  TCF20  CYB5R3  ALG12  MAPK12  SBF1  CHKB  MAPK8IP2  SHANK3  ARHGEF9  TMLHE   P8  P13  P18  P25  P28  P33  P34  P36  P40  P41  P47  P54  P56  P62  P63  P64  P74  P76  P77  P78  P83  P4  P5  P6  P11  P12  P19  P26  P37  P38  P39  P42  P44  P51  P53  P59  P65  P66  P67  P68  P69  P71  P80  P85  P9  P14  P15  P16  P17  P21  P23  P24  P27  P30  P31  P32  P35  P55  P57  P58  P60  P75  P84 Chrom. 
Conclusions
